Although dengue can progress to severe stages, the exact causes of this phenomenon are unknown; however, the possibility of monocyte participation is acknowledged. It has been suggested that monocyte subsets (classical, intermediate and non-classical) play differential roles in dengue immunopathology. Therefore, we determined the count of monocyte subsets and obtained the clinical information of patients with dengue. We noted a significant decrease in the count of non-classical monocytes in patients compared with controls. With this finding, we focused on studying the phenotype of non-classical monocytes in the present study. An increase in activation and differentiation markers, such as CD64, CD86, the percentage of tumor necrosis factor-a + cells and exposure of phosphatidylserine, were recorded in the non-classical monocytes of patients compared with controls. Moreover, a significant decrease in the expression of CX3CR1 with a corresponding increase in the expressions of CCR2, CCR5, CD11b and CD54 was detected in the non-classical monocytes of patients in comparison with that of the controls. Significant increases in the frequency of microparticles from endothelium and in the concentrations of interleukin-6 (IL-6), IL-8 and IL-10 were noted in the plasma of patients. These findings demonstrate that in patients with dengue, nonclassical monocytes are activated, exhibiting a phenotype associated with more differentiation, produces tumor necrosis factor-a and has a profile of less endothelial surveillance closer to the cellular migration. These changes were associated with hepatic compromise, endothelial alteration and high concentration of circulating cytokines. Hence, alterations of non-classical monocytes seem to be associated with the immunopathology of dengue infection.
Introduction
Dengue is an acute viral infection 1 transmitted by the bite of the infected mosquitos belonging to the genus Aedes. 2 According to the World Health Organization (WHO), 50-100 million cases of infections by dengue virus (DENV) are registered every year across the world, 2, 3 of which approximately 60% are asymptomatic cases. 2 When the disease is manifested, 90-95% of the individuals develop similar symptoms, such as common flu-type syndrome, which may be accompanied by warning signs. In most cases, dengue can be spontaneously resolved; the remaining 5-10% of cases can evolve into severe manifestations characterized by hemorrhages, organ damage, hypovolemic shock and death (severe dengue). 2, 3 The reasons for severe dengue in some patients are not completely understood. However, different components of the immune response seem to play a critical role in the pathogenesis of dengue. For instance, monocytes have been associated with both the control of viremia and dissemination of DENV infection. Monocytes produce high levels of cytokines, such as interleukin-1b (IL-1b), tumor necrosis factor-a (TNF-a) and IL-6, and chemokines, such as CCL5, CCL4 and CCL3, in response to DENV infection, 4 ,5 thereby demonstrating their contribution to viral control and protective immune response against the infection. 6 However, these cells act as the main target of DENV infection, 7 which supports viral replication and damage to different tissues and organs, such as the alterations in vascular permeability, that can be observed during the infection. 8, 9 Therefore, it has been considered that these cells play a central role in DENV immunopathology, particularly in severe disease manifestations. Monocytes are divided into three subsets based on the expression of the lipopolysaccharide membrane receptor (CD14) and low-affinity Fcc receptor (CD16) in the classical (CD14 ++ CD16 À ), non-classical (CD14 + CD16 ++ ) and intermediate (CD14 ++ CD16 + ) subsets; each one of these subsets has a differential function and response to the inflammatory processes. For example, it is important to highlight that non-classical monocytes seem to be the main producers of inflammatory mediators in response to DENV infection, 5, 10 as well as the major interacting monocytes with microvascular endothelium performing patrolling and surveillance functions in the basal conditions. 11, 12 Based on this information, we propose that the nonclassical monocytes possibly contribute considerably to the severe development of the disease. Hence, these cells must present the phenotypic changes in dengue patients related with different manifestations and clinical compromises observed during the infection. Given the above factors and with the purpose to enhance a greater understanding of the role that non-classical monocytes play in DENV infection, monocyte subset counts were performed in dengue patients and in a healthy control group. Moreover, an extensive phenotypification of nonclassical monocytes was achieved based on the expression of markers associated with the activation, function and differentiation of mononuclear phagocytes. The results presented here indicate that dengue patients possess a smaller number of non-classical monocytes; these cells produce TNF-a and present a phenotype compatible with the cellular activation, migration and differentiation. These changes were associated with hepatic compromise, endothelial damage and high concentration of soluble mediators in the plasma of the patients. These cumulative observations suggest that non-classical monocytes have a significant impact on the clinical outcomes in dengue patients.
Materials and methods

Patients and controls
Patients diagnosed with DENV infection were recruited at the IPS Universitaria (Cl ınica Le on XIII, Medell ın, Colombia) between October 2014 and February 2016. The sociodemographic data (gender and age), clinical and paraclinical characteristics, such as hematocrit level, platelet count, C-reactive protein (CRP) level, transaminases aspartate aminotransferase (AST), alanine aminotransferase (ALT) and bilirubin information were collected from the patients' medical histories or directly obtained from the patients.
A total of 147 dengue patient samples were clinically diagnosed according to the symptomatology and clinical presumptive diagnosis of the WHO. 2 However, only 63 patients, who were positive with the SD BIOLINE Dengue Duo Kit (Standard Diagnostics, Yongin, Corea del Sur), were finally included in the study. The positivity of the samples was confirmed by the Panbio Dengue IgM and IgG capture enzyme-linked immunosorbent assay (ELISA) (Alere Waltham, MA).
The days of evolution of the disease corresponded to the day the symptoms were manifested, as reported by the patients, until the day sampling was performed. Patients were classified into two groups: dengue (D, n = 49) (without or with alarming signs) and severe dengue (SD, n = 14), (including severe bleeding, respiratory distress, severe organ involvement, shock and/or severe plasma leakage), according to the 2009 WHO criteria. 2 This classification was performed following the criteria of the physician-in-charge and an independent analysis of the information recorded in the medical histories that were performed and reviewed by the other two physicians (Berta N. Restrepo and Francisco J. Diaz).
We included 45 healthy individuals of the same gender and ages (AE2 years) as the experimental groups, and from the same city as controls. Our study complies with the Declaration of Helsinki; the research protocol and informed consent form were approved by the Universidad de Antioquia's Medical Research Institute and IPS Universitaria Committees. All patients and controls provided a signed informed consent form.
Detection of viral NS1 antigen and IgG/IgM anti-DENV antibodies
A rapid and immunochromatographic point-of-care testing to detect both DENV NS1 antigen and antibodies of DENV (IgG/IgM) was undertaken with the SD BIOLINE Dengue Duo Kit, according to the manufacturer's instructions.
The measurement of anti-DENV IgG and IgM antibodies was performed with Panbio Dengue IgM Capture ELISA and Panbio Dengue IgG Capture ELISA Kits, according to the manufacturer's instructions. The results were quantified by an 'index value' defined as the ratio between the optical densities of the sample and the cutoff value. The distinction between the primary and secondary infections was undertaken using the IgM/IgG ratio, obtained by dividing the index values of the two tests: a sample with an IgM/IgG ratio ≥ 1Á4 was considered as the primary infection and the rest as the secondary infection. This ratio was not calculated when both the index values were < 1.
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Leukocyte counts and monocyte subset classification
The relative and absolute counts of total monocytes and the classification of monocytes into three subsets (classical: CD14  ++ CD16  À , non-classical: CD14  + CD16  ++ and  intermediate: CD14 ++ CD16 + ) were performed using flow cytometry as previously reported.
14 A total peripheral blood anti-coagulated with EDTA was stained with antihuman HLA-DR-allophycocyanin (APC) -Cy7 (clone L243; BioLegend, San Diego, CA), CD14-fluorescein isothiocyanate (FITC) MY4 (clone 322A-1; Beckman Coulter, Hialeah, FL), CD16-V450 (clone 3G8; Becton Dickinson Biosciences, San Jose, CA) and CD45-phycoerythrin (PE) -Cy7 (clone HI30; BD Bioscience) antibodies for 20 min. Erythrocytes were lysed with 1-ml BD FACS Lyzing Solution 1 9 (BD Pharmingen, San Jose, CA) for 10 min. Two washes were performed using BD FACSFlow at 600 g for 5 min. Leukocyte (CD45 + ) counting was performed using 20 ll of Flow-Count Fluorospheres (Beckman Coulter) with flow cytometry and manually with a hemocytometer and acetic acid. 15 Cells were acquired immediately on the FACS Canto TM II flow cytometer with FACS DIVA software (BD Biosciences). The fluorescence minus one method was performed for each fluorochrome to determine the positive and negative events. Data were analyzed by performing the aggregates exclusion based on the FSC-A and FSC-H parameters using the FLOWJO 7.6.1 software (Tree Star, Ashland, OR). The relative and absolute counts of each subset were reported relative to the total monocytes.
Peripheral blood mononuclear cells and immunophenotyping of non-classical monocytes
The characterization of non-classical monocytes was performed by immunostaining of the peripheral blood mononuclear cells (PBMCs), as per our previous report. 14 These cells were obtained from the venous blood treated with anti-coagulant EDTA and previously diluted with Dulbecco's phosphate-buffered saline (DPBS; Gibco-BRL, Grand Island, NY) at the ratio of 1 : 1, after centrifugation on Histopaque-1077 (Sigma-Aldrich, St. Louis, MO) at 900 g for 30 min. PBMCs were washed twice with DPBS and washing buffer (DPBS plus 1% bovine serum albumin and 0Á01% NaN 3 ; Sigma-Aldrich) at 300 g for 10 min at room temperature. The cells were counted manually with a hemocytometer and cell viability was determined by the exclusion of trypan blue (≥ 96%) (Sigma-Aldrich). Thereafter, the cells were incubated with a blocking buffer (DPBS plus 1% bovine serum albumin, 0Á01% NaN 3 and 10% inactivated fetal calf serum) for 15 min. Next, the cells were incubated for 25 min with anti-human CD14, CD16 and HLA-DR antibodies to define the non-classical monocyte subset (CD14 + CD16 ++ ) and with different combinations of the next anti-human CCR2-Alexa Fluor 657 (clone 48607), CD32-PE (clone 3D3), CD64-APC (clone 10.1), CD13-PECy7 (clone L138), CD33-PE (clone WM53), CD36-APC (clone CB38), CD86-PECy5 (clone IT2.2), CD11a-PECy7 (clone HI111), CD11b-PE (clone D12), CD54-PECy5 (clone HA58) and CD69-PE (clone FN50) antibodies obtained from BD Biosciences (San Jose, CA); anti-human CX3CR1-PE (clone 2A9-1), CCR5-PECy7 (clone J418F1), CD15-PECy5 (clone W6D3), CD18-APC (clone TS1/18) antibodies and their respective isotype controls obtained from BioLegend. The cells were washed with washing buffer at 600 g for 5 min. For intracellular staining with anti-human CD68-PE (clone Y1/82A; BD Biosciences) and TNF-a-APC (clone MAb11, BioLegend) antibodies, PBMCs were fixed with the Fix/permeabilization solution of the FoxP3/Transcription Factor Staining Buffer (eBioscience, San Diego, CA) for 60 min. Next, the cells were washed with the 1 9 permeabilization solution from the same kit at 1700 g for 5 min. The cells were incubated with the respective antibodies in the permeabilization solution for 25 16 These incubations were completed after the panel staining (see above), in which none of the antibodies were IgG2. For intracellular staining, PBMCs were fixed and permeabilized as discussed previously. Finally, the cells were washed twice and 50 000 monocytes were immediately acquired on the FACS Canto TM II flow cytometer with FACS DIVA software. PBMCs stained with the panel plus the secondary antibody without the D1-4G2-4-15 antibody were performed for all cases and considered as the controls to define the frequency of the positive cells to E protein using the Overtone subtraction algorithm of the FLOWJO 7.6.1 software.
Isolation and characterization of microparticles
Microparticles (MPs) were isolated from the venous blood treated with anti-coagulant citrate and then characterized using flow cytometry, as per our previous report.
14 Briefly, MPs were incubated with anti-human HLA-DR and CD105-APC antibodies (clone 43A3; BioLegend) at the concentration of 350-650 MPs/ll for 25 min at 4°in the dark. The cells were washed with filtered BD FACS Flow at 16 900 g for 60 min at 4°. MPs were immediately acquired in the FACS Canto TM II flow cytometer with FACS DIVA software. Analysis of the data was performed with FLOWJO 7.6.1 software, and the results were expressed as frequencies.
Cytokines measurement
Cytokines were evaluated using the Cytometric Bead Array (CBA; BD Pharmingen), 17 
Statistical analysis
Variables in this study were described as frequencies (relative count), absolute numbers (absolute count), measures of central tendency (means and medians) and measures of dispersion (minimal and maximal values, interquartile range and standard deviations) according to the distribution of the data and the nature of the variables. Monocyte subset comparisons between the total patients and the controls were performed by MannWhitney U-test, and the differences among the groups were examined by Kruskal-Wallis test and Dunn's post hoc test. Correlations were determined using the Spearman's rank coefficient with a 95% confidence interval. Correlations with an r value 0Á25-0Á39 were considered as weak, 0Á4-0Á5 as low, 0Á51-0Á74 as medium and ≥ 0Á75 as high. The principal component analysis (PCA) was used to generate an orthogonal transformation of the variables to identify the possible associations among linearly uncorrelated variables. Statistical significance was set at the critical values of P ≤ 0Á05, *P ≤ 0Á05, **P ≤ 0Á01 and ***P ≤ 0Á001. Analyses were performed using GRAPHPAD PRISM version 5.01 (GraphPad Software Inc., San Diego, CA) and STATGRAPHICS CENTURION XVI Version 16.1.18 (Statgraphics Corp., Rockville, MD) software.
Results
Clinical and sociodemographic data of dengue patients
Of the 63 patients included in this study, 49 were classified with dengue (six patients without warning signs and 43 with warning signs) and 14 with severe dengue. Owing to the small sample size, patients with dengue without warning signs could not be analyzed independently. Both groups of patients (with dengue and with severe dengue) had a median age of 31 years (range 18-77 years), and 57% of them were male (Table 1) .
Regarding the paraclinical variables, platelet count was statistically lower in patients with severe dengue (41Á443 AE 23Á822) compared with patients with dengue (91Á021 AE 50Á557). In addition, the liver transaminase levels were increased in patients with severe dengue compared with dengue patients, being significant only for the AST levels, which were almost three times higher in the severe cases, 494Á5 AE 372Á7 versus 172Á7 AE 126Á1; although not significant, the ALT levels were also higher for severe cases, indicating specific hepatic compromise (Table 1) . No additional differences were noted in these variables in patients according to their state of illness, neither for the type of infection (primary and secondary) nor for the time of evolution (data not shown).
The healthy controls (n = 45) showed a median of age of 30 years (range: 18-76 years) and 44% of them were male (data not shown).
Patients with dengue exhibited a low count of non-classical monocytes
Total monocytes corresponding to CD45 + CD14 + HLA-DR + cells and monocyte subsets were determined according to the relative expression of CD14 and CD16 in (14) 14 (2) 25 (16) Days of illness % (n) 1 
4-5 days
22Á5 (11) 14 (2) 21 (13) 6-7 days 55 (27) 29 (4) 49 (31) 
Primary 49 (24) 50 (7) 49 (31) Secondary 51 (25) 50 (7) 51 (32) Result of the rapid test % (n) NS1 (6) 22 (3) 14 (9 Patients positive to anti-DENV IgG only in the rapid test were corroborated by ELISA, as explained in the Materials and methods section; in this case, the patients were positive to both IgG and IgM by ELISA. *The Mann-Whitney U-test was used for the comparison between patients with dengue and with severe dengue *P ≤ 0Á05, **P ≤ 0Á01 and ***P ≤ 0Á001. Fig. S1a ). An increase was noted in the relative count, but not in the absolute count, of total monocytes in all patients with dengue compared with that in the healthy controls (Fig. 1a) . In addition, higher percentages of the intermediate monocytes were observed in patients compared with that in healthy controls (Fig. 1b,c) . This difference was not observed in the number of cells belonging to this subset and no changes were detected in the count of classical monocytes (Fig. 1b,c) . Finally, a significant decrease in the frequency and number of nonclassical monocytes in all dengue patients were noted in comparison with the controls (Fig. 1b,c) ; this decrease was not associated with the state of illness, time of evolution and type of infection (data not shown). In addition, a significant but low correlation was recorded between the percentage of CD14 + monocytes and the number of platelets/ll (r = À0Á26; P = 0Á04) and between the number of non-classical monocytes and AST levels (r = À0Á37; P = 0Á036); suggesting that changes in the counts of non-classic monocytes are influenced by hepatic compromise.
The percentage of positive cells to the viral E protein in patients with dengue was similar among the monocyte subsets
To determine whether the changes recorded in the count of monocyte subsets were related to the differences in the infection of these cells, the expression of viral E protein was evaluated in these cells. A similar frequency of positive cells (Fig. 2) and mean fluorescence intensity (data not shown) was obtained for this protein among the classical, intermediate and non-classical subsets in dengue patients. Although a high frequency of positive cells to viral E protein was observed in a few patients, we were unable to find any clinical or paraclinical characteristics related with this finding.
High expression of CD64 but low CD16 expression in non-classical monocytes was observed in dengue patients
As non-classical cells were the most affected monocytes (in frequency and number) in dengue patients, a more detailed and extensive phenotype characterization of these cells was performed according to the expression of markers associated with the activation, function and differentiation of mononuclear phagocytes (see Supplementary material, Fig. S1b) . First, the expression of FccR CD16, CD32 and CD64, which mediates the antibodydependent enhancement, associated with the more severe manifestation of this disease, was evaluated in nonclassical monocytes. 18, 19 A statistically significant decrease in the expression of CD16 in non-classical monocytes of total patients was recorded in comparison with that recorded in controls (Fig. 3a) , without differences among patients when divided according to the illness state and the infection type (Fig. 3a) .
An increase in the CD64 expression was detected in non-classical monocytes of all the patients compared with that in the healthy controls. This result was mainly detected in patients with primary infection, but it did not differ according to the state of illness (Fig. 3b) . These results could suggest that, in patients with IgGopsonized DENV, the virus can infect non-classical monocytes mostly through CD64. Moreover, this molecule has been considered as a differentiation and activation marker of mononuclear phagocytes, 20, 21 which may explain the changes in the increased expression of CD64.
Non-classical monocytes of patients with dengue show lower expression of fractalkine receptor (CX3CR1) and higher expression of CCR2, CCR5, CD11b and CD54 compared with healthy controls As non-classical monocytes have been involved in the patrolling and surveillance of the microvasculature endothelium, 11 the expression of chemokine receptors CX3CR1, CCR2 and CCR5, as well as the expression of the adhesion molecules CD11a, CD11b, CD18, and CD54 was evaluated on these cells of dengue patients. The expression of CCR2, CCR5 (Fig. 3c,d ), CD11b and CD54 (Fig. 4a) increased and the expression of CX3CR1 decreased in non-classical monocytes of patients with dengue. These changes do not seem to be associated with the state of illness, the type of infection (Fig. 3c,d ) or the days of illness (Data not shown). However, patients with primary infection exhibited a higher expression of CCR2 and CCR5 in non-classical monocytes as compared with that in patients with secondary infection (Fig. 3c,d ). There were no differences for CD11a, and CD18 expression in non-classical monocytes between the patients and controls (data not shown). These data indicate that nonclassical monocytes have less expression of CX3CR1 -a chemokine receptor that is important in endothelium patrolling. 22 However, these cells have more expression of adhesion molecules and chemokine receptors associated with firm adhesion to the endothelium and cellular transmigration.
Because previous results were contrasting with the expression of adhesion molecules and to evaluate the patrolling function of non-classical monocytes over endothelium 11 in patients with dengue through an indirect approach, the frequency of vesicles derived from activated endothelium that were CD105 + and HLA-DR + were measured in these patients. An increase was noted in the percentage of endothelium-derived MPs that were CD105 + HLA-DR + in patients with dengue compared with that in the healthy controls (Fig. 4b) , which was not related to the state of illness (data not shown). These results suggest that even though non-classical monocytes express some molecules associated with firm adhesion to the endothelium in patients with dengue, they do not achieve their surveillance function over this tissue in an efficient manner.
Non-classical monocytes of patients with dengue exhibit higher expression of markers associated with differentiation and activation of mononuclear phagocytes
Continuing with the phenotype characterization of these cells, markers associated with differentiation and activation of mononuclear phagocytes were evaluated in nonclassical monocytes. No differences were noted in the expression of markers related to the differentiation of mononuclear cells CD33 and CD36 in non-classical monocytes (data not shown). However, there was an increase in the expression of CD13 (data not shown), CD14, total CD68, CD86 and HLA-DR in non-classical monocytes of patients with dengue ( Fig. 5a-d) . Only for CD14, a lower expression was noted in non-classical monocytes of patients with severe disease than in those with dengue (Fig. 5a ). These data suggest that non-classical monocytes of dengue patients exhibit changes in association with increased differentiation. However, no increase in the expression of CD36 -a traditional marker for monocyte differentiation 23 -and as CD64, CD54, CD86 and HLA-DR expression may also be up-regulated in mononuclear phagocytes during activation, the expression of other molecules induced by activation of these cells was evaluated. The expression of CD69 and extracellular CD68, as well as the percentage of TNF-a + cells and those positive for the PS exposure increased in non-classical monocytes of patients with dengue compared with those in the healthy controls (Fig. 6a) . These data suggest that non-classical monocytes are activated in patients with dengue and produce proinflammatory factors, such as TNF-a. In addition, as the exposure of PS has also been reported as a cell-death marker, the positivity of some samples to LIVE/DEAD probe was determined. Non-classical monocytes positive to Annexin-V were also LIVE/DEAD + (data not shown). In addition, significant and medium correlations were observed between the expression of CD69 and the number of platelets/ll (r = À0Á64; P = 0Á0008), as well as the frequency of TNF-a + cells and bilirubin levels mg/dl (r = À0Á55; P = 0Á032) in patients with dengue (Fig. 6b) . These results suggest that non-classical monocytes not only exhibited a phenotype of differentiation and activation, but this was also positive to a death marker in patients with dengue. Some of the changes mentioned above correlate with the signs of dengue. Changes observed in non-classical monocytes associated with paraclinical and immunological variables of patients with dengue
The levels of the circulating cytokines TNF-a, IL-1b, IL-6, IL-8, IL-10 and IL-12p70 were measured with the purpose of examining the correlation of the systemic inflammatory response in dengue patients with changes observed in non-classical monocytes through a further PCA. Significantly higher concentrations of IL-6, IL-8 and IL-10 were noted in patients with dengue than in healthy controls, without any significant changes in the state of illness (Fig. 7a-c) . The levels of IL-10 were greater in patients with 4-5 days of evolution compared with patients with 8-9 days of evolution (Fig. 7c) . No changes were detected in the circulating levels of TNF-a, IL-1b and IL-12p70 in patients with dengue (data not shown).
A multivariate PCA was performed to evaluate the presence of an association between the alterations observed in the non-classical monocytes (blue lines) and select variables collected from patients (Fig. 8) . This analysis revealed that two components can explain the 70Á15% value of the variability in the system, component 1 with 45Á08% and component 2 with 25Á07%. These components allowed a clear observation of the three main groups of variables based on their eigenvalues. The first included variables IL-6, IL-10, IL-8, MFI of CD69, CD11b, CCR2, CCR5 and percentage of Annexin-V + and TNF-a + cells, suggesting that non-classical monocytes that were activated and underwent a change in phenotype to a migration profile could be contributing to the elevated concentration of cytokines in these patients and dying in response to the infection. The second group was formed by the number of non-classical monocytes, the percentage Comparisons between groups were performed using the Mann-Whitney U-test, *P ≤ 0Á05, **P ≤ 0Á01 and ***P ≤ 0Á001.
of endothelium-derived MPs, the CRP values and CX3CR1 MFI. In this group, low number of non-classical monocytes together with the decreased expression of fractalkine receptor could contribute to a decreased removal of MPs (thereby favouring the endothelial compromise) and with part of the systemic inflammatory response observed in these patients. Finally, the third group included the variables AST, ALT, MFI of CD68, HLA-DR, CD14, CD86 and CD54 molecules, which suggested that most changes related with the activation and differentiation of non-classical monocytes could be associated with the hepatic involvement observed in this disease.
Discussion
The findings of this study demonstrate that dengue patients show a marked decrease in the frequency and number of non-classical monocytes, accompanied by an increase in the frequency of the intermediate subset; these changes do not seem to depend on the state of the disease, the type of infection, or the days of the disease. Our findings partially agreed with other reports, 4,24 including Kwissa et al., 4 who found a decrease in both the frequency and absolute count of the classical and non-classical monocytes in Thai patients infected with DENV, as well as an increase in frequency and an absolute number of intermediate monocytes. However, Azeredo et al. 24 showed a decrease in the frequency of the classical subset along with an increase in the intermediate subset, without apparent changes in nonclassical monocytes in mild and severe dengue patients of the Rio de Janeiro city in comparison with the healthy controls. Recently, flow cytometry analysis of PBMCs carried out by Fialho et al. 25 demonstrated that Brazilian patients, with dengue fever, experience an increase in the frequency of CD14 + CD16 + and a decrease in the frequency of CD14 + CD16 -monocytes compared with that in the healthy controls. These contrasting results can be explained by the difference in the methodological approaches used, as these studies only discriminate the total monocytes according to the CD14 and CD16 expression. The importance of including the CD45 and HLA-DR markers in the characterization of monocyte subsets to eliminate some spurious cells from the analysis, such as natural killer cells, granulocytes and erythrocytes, are already established. 26 In addition, an increase in the frequency of total monocytes in patients with dengue could be influenced by the significant increase in the intermediate subset; however, the low number of non-classical monocytes did not significantly affect the total number of monocytes, possibly because of their low frequency in the peripheral blood. Comparisons between groups were performed using the Mann-Whitney U-test *P ≤ 0Á05, **P ≤ 0Á01 and ***P ≤ 0Á001. Correlation analyses were performed by the Spearman rank coefficients at 95% confidence intervals.
The decrease in non-classical monocytes has also been reported in other inflammatory diseases, such as systemic lupus erythematosus. 15 Despite different hypotheses proposed to explain these alterations, such as the exposition to treatment or certain cytokines, the causes of this finding remain largely unknown. 27, 28 The low count of nonclassical monocytes in dengue patients could be explained by the preferential infection of this subset by DENV; however, no differences were observed in the percentage of positive cells to viral E protein among the monocyte subsets in this study; this measurement was considered to be a reflection of in vitro infection. 5 It should be noted that the absence of differences in these results might be due to the time elapsed since the viral infection, because all patients had ≥ 4 days from the beginning of the symptoms until monocyte evaluation. Hence, our data do not discard the existence of differences in the frequency of positive monocytes to viral E protein in the earlier days of infection. The frequency of the infected cells was not previously evaluated ex vivo in monocyte subsets, but the NS3 and prM viral antigens were measured in total monocytes. 8 To the best of our knowledge, this is the first research to evaluate ex vivo the infection of monocyte subsets in patients with dengue. On the other hand, the virus seems to replicate in a similar proportion, in both CD16 + and CD16 -previously enriched monocytes (CD14 + ) infected in vitro with DENV-2. 5 As the approach used in our study is not precise to determine the infection, the evaluation of monocyte subsets isolated from infected patients with molecular techniques such as real-time PCR would be ideal owing to their greater sensibility. 29 In general, our data suggest that the decrease in the number of non-classical monocytes is not associated with differences in the percentage of infected cells; hence, it is possible that this decrease would be alternatively explained by a functional response of these monocytes to DENV infection. To partially evaluate this hypothesis, changes in the phenotype of these phagocytes were studied, especially, the expression of receptors associated with phagocytosis and adhesion, chemokine receptors, and markers of cell differentiation and activation. Because the clinical manifestations of patients with dengue were highly heterogeneous and some of the correlation analyses performed between non-classical monocytes and paraclinical variables achieved significant but low values, a multivariate PCA analysis was performed. It was found that variables evaluated in non-classical monocytes were divided into three groups together with some of the warning and severity signs of the disease.
1) The systemic inflammatory response (high plasmatic levels of IL-6, IL-10, IL-8 and the percentage of TNF-apositive cells) was associated with an increase in the MFI of CD69, CD11b, CCR2, CCR5 and positive cells for Annexin-V in non-classical monocytes. This finding suggests that the activation of non-classical monocytes and their potential migration and death could be related to the increase in the amount of soluble pro-inflammatory mediators in dengue. Previously, a high number of positive cells for the ligand of CCR5 (CCL5 or RANTES) was reported in the hepatic tissue of dengue patients with lethal outcomes. 30 Similarly, it has been reported that hepatocytes can be infected with DENV and produce ligands for these receptors. 31 In comparison with the wild-type mice, CCR2
À/À and CCR5 À/À mice infected with DENV-2 exhibited a decrease in lethality, lower levels of transaminases and lower frequency of infected macrophages in the liver. 32, 33 Hence, the increase in the expression of these molecules in non-classical monocytes of dengue patients could indicate a potential migration of these cells toward the hepatic tissue; this phenomenon has also been demonstrated in other diseases, such as atherosclerosis 34 and lupus nephritis. 35 In addition, it is established that in vitro DENV infection of CD16 + monocytes induces a higher production of TNF-a, IL-1b, IL-6, CCL2, CCL3 and CCL4 than the CD16 -monocytes. 5 The high production of pro-inflammatory cytokines by nonclassical monocytes has been described in other inflammatory contexts, such as sepsis and lupus. 36 Hence, these monocytes seem to be the main subset producing proinflammatory mediators like TNF-a in response to dengue infection, thereby contributing to the cytokine storm that characterizes patients with severe dengue. 37, 38 It is tempting to propose that non-classical monocytes that have acquired this migratory phenotype contribute to the high inflammatory response observed in the severe dengue cases.
To discriminate whether the frequency of Annexin-V + monocytes was more related to activation than to cell death, the LIVE/DEAD positivity was evaluated in nonclassical monocytes. Despite the death-cell type not being defined in the present work, Annexin-V + non-classical monocytes showed alterations in the permeability of the plasma membrane. Therefore, the induction of death in these cells could be an alternative explanation for the decrease in both the percentage and the absolute number of non-classical monocytes in dengue patients. An increase in the death of total human monocytes infected with DENV-2 in vitro has been previously reported; 5, 39, 40 two types of cell death have been described, namely, apoptosis 41 and pyroptosis. 40 In contrast, an increase in the viability of both CD16
À and CD16 + monocytes has been observed after DENV infection in vitro. discrepancies may be attributed to the differences in the type of samples evaluated and the time of virus exposition, among other reasons. Hence, additional studies are required to determine whether the non-classical monocytes die in response to DENV infection.
2) The endothelial damage (increase in MPs) was associated with a low count of non-classical monocytes, high levels of CRP, as well as a decrease in the MFI of fractalkine receptor (CX3CR1). This observation suggests that non-classical monocytes do not accomplish their function of endothelial surveillance, possibly by a decrease in the fractalkine receptor, which could contribute to some of the systemic inflammatory responses observed in dengue patients. Non-classical monocytes also have a patrolling function over the endothelium of microvasculature in the basal state, removing cellular detritus and MPs in a way that is dependent on CX3CR1 expression. 42 However, when these monocytes are activated through Toll-like receptor 7 (TLR-7) and TLR-8, 12 their expression of adhesion molecules like CD54 increases, they are retained in the endothelial surface and so can mediate endothelial alterations. 11 These observations could explain the lower percentage and number of circulating non-classical monocytes that we recorded in our patients, considering that an increased expression of CD54 and CD11b on non-classical monocytes was observed in dengue patients. The increase in the expression of CD54 in total monocytes of dengue patients has also been previously described. 24 Taking this information into consideration, along with an increase in the frequency of endothelium-derived MPs, it is possible to hypothesize that the non-classical monocytes could mediate part of the endothelial dysfunction characteristic of this disease. Moreover, it is worth mentioning that MPs have been proposed previously as biomarkers of predisposition to develop severe manifestations in dengue infection. 43 3) The hepatic compromise (increase in AST and ALT) was associated with markers related to the activation and differentiation 20, 21, 44 of mononuclear phagocytes, such as CD86, HLA-DR, CD68 and CD14, suggesting a relationship between the effector response of these monocytes and the hepatic damage present in these patients. The increase in the expression of CD14 and intracellular CD68 detected in non-classical monocytes of dengue patients could suggest that these cells are in the process of differentiation in response to infection. This hypothesis agrees with previous reports that human monocytes infected with DENV-2 in vitro show changes in differentiation, which are like those induced by colony-stimulating factor. 4 In addition, the increase in the expression of CD64, CD86, HLA-DR, CD68 (extracellular), CD69 and in the percentage of cells TNF-a + and Annexin-V + were consistent with the activation phenotype of this subset of monocytes. It was important to highlight that these changes were observed in non-classical monocytes, but not in the other monocyte subsets (see Supplementary material, Fig. S2 and data not shown), which suggested that despite all subsets being infected, only the non-classical monocytes responded strongly to the virus. The activation of total monocytes by DENV has been reported previously in dengue patients assessing molecules, such as CD86, CD209, CD11c, CD54, TLR-2 and TLR-4. 8, 24, 45 In addition, the activation of these monocytes has been shown in vitro through an increase of inducible nitric oxide synthase 46 and the production of pro-inflammatory cytokines. 5, 39, 45, 47 However, this is the first study to report specifically the activation of the non-classical subset in dengue patients. Therefore, our results suggest that an increase in activation markers reported previously in total monocytes of patients with dengue could be explained, albeit partially, by the changes observed in the non-classical monocytes.
The association between the activation profile of nonclassical monocytes with the observed hepatic damage had not been previously reported in dengue infection; however, this association had been demonstrated in other diseases, such as chronic hepatitis B 48 and liver cirrhosis. 49 Moreover, the tissue compromise induced by the non-classical monocytes has also been observed in autoimmune diseases. 50 Therefore, it is tempting to propose that, in dengue patients, non-classical monocytes that acquire differentiation and activation phenotypes seem to contribute to the hepatic injury.
On the other hand, two important results need to be taken into consideration that require future studies to understand their potential implication in the immunopathology of dengue: (i) Some molecules (CD64, CCR2 and CCR5) were expressed differentially in nonclassical monocytes between the primary and secondary infections, which suggested that the response of these cells seemed to be different in the secondary exposure to the virus. This result may be due to the antibody-dependent enhancement effect 19 or may correspond to an adaptation of these cells related to memory induction of the innate immune system. 51 (ii) Although, there was an increase in the CD14 expression in non-classical monocytes of dengue patients, this expression decreased in severe dengue patients. It is possible that this alteration corresponds to a release of the CD14 receptor from the membrane into a soluble form. 52, 53 In addition, a previous study reported a significant correlation between the increase in soluble circulating CD14 and the decrease in platelet count 54 in patients at different stages of dengue. Moreover, the manner in which soluble CD14 activates the surrounding monocytes is not yet fully understood. 55 Therefore, it is possible to propose that the activation of non-classical monocytes by DENV can induce the release of CD14 in patients, thereby contributing to the development of severe dengue. Finally, this study has two main limitations. First, a support approach or technique was missing in the results, such as a gene expression profile, because of the limited number of non-classical monocytes detected in patients. Nevertheless, the transcriptomics of monocyte subsets in the healthy individuals has been reported previously, 57 which has shown the differences in the expression of a variety of genes and markers, similar to those observed in cells of the controls, such as the higher expression of CD36 in classical monocytes and CX3CR1 in non-classical monocytes. 57 Therefore, it is possible to speculate that some of the changes observed in non-classical monocytes of our patients were present at the transcriptional level. New techniques, such as RNA single-cell sequencing, need to be implemented in the future study to clarify this issue. Second, it is important to note that most non-severe dengue cases in this study involved patients with the alarm signs at the moment of recruitment; hence, it is possible that these patients were evolving toward severity, which could explain the lack of significant differences between dengue and severe dengue patients in most of the evaluated variables.
Our results suggest that changes in the non-classical monocytes of patients with dengue are associated with different manifestations of this disease, which may have contributed to the immunopathology of dengue. Therefore, we propose that the profile of molecules described in this study can be evaluated in the future studies to detect patients with a possible predisposition to develop a hepatic compromise, pro-inflammatory response, or endothelial damage.
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